Frontier orbital theory is demonstrated by investigating the appropriately divided parts of transition states, useful for understanding an essential aspect of transition-metal-and lanthanidemediated reactions. Atomic orbitals are in phase with each other in the outer space of the antibonding orbitals of the bonds between transition-metal and main-group atoms.
Introduction
Frontier orbital theory 13 has been well established in organic reactions. However, its application to the reactions mediated by transition metal and lanthanide catalysts has rarely been documented so far. 4 The frontier orbital theory, originally developed for intermolecular reactions, cannot be directly applied to many transition-metal-and lanthanide-mediated reactions which often involve intramolecular reactions or rearrangements of intermediate complexes in the key steps.
Here we review the applicability of the frontier orbital theory to transition-metal- 57 and lanthanide-mediated 8 reactions by visualizing the HOMOLUMO overlap and phase between appropriately divided parts of the transition structures of reactions including intramolecular reactions. 59 
Inner and Outer Phases of Bond Orbitals of Transition Metals
d orbital and a p orbital of the main group element, surprisingly overlap in phase with each other in the outer space of the bond. 6 The orbital surfaces with a high isovalue show that the hybrid orbitals overlap out of phase in the inner space as those of the bonds between main-group elements. The bonding orbitals have in-phase overlapping whether in the inner or outer space of the bond as usual.
The anomaly of the in-phase overlapping in the outer space of the antibonding orbitals comes from the size of the d orbital. In the antibonding orbitals the atomic orbitals overlap with each other out of phase as usual in the inner space near the bond axis. The out-of-phase combination contracts the antibonding orbitals between the atoms in the inner space. The far part of the d orbital with the opposite phase can also overlap with the p orbital of the main-group atom to a significant degree because the size of the d orbital is sufficiently large. The overlapping is in phase, occurring far from the bond axis or in the outer space of the bond. There is another cause leading to the same effect. 12 The p orbitals of the transition metal are also large enough to overlap with the orbital of the main group atom (Figure 2 ). According to the orbital mixing rule, 2,13 the metal p orbital can be mixed into the antibonding orbital in phase with the lower-lying p orbital component of the maingroup atom.
Transition-Metal-Mediated Reactions
Olefin Methathesis.
Some transition-metal complexes catalyze the metathesis reactions of olefins. 14 17 Why do the transition-metal carbene complexes undergo the formal [2+2] cycloadditions whereas those reactions between alkenes are symmetry-forbidden? A characteristic phase property of antibonding orbitals between the atoms of main group and transition-metal elements answers this puzzling question. 6 The HOMO of the ethene moiety and the LUMO of the remaining transition-metal part of the transition structures of the formal [2+2] cycloaddition process catalyzed by ruthenium carbenoid complexes are depicted in Figure 3 . 6, 9 The HOMO and LUMO surfaces are displayed in the transparent and mesh modes, respectively. The HOMOLUMO interaction is more important because of the smaller energy gap than the interaction between the HOMO of the metal and the LUMO of ethene. In the LUMO of the metal the d orbital of ruthenium and the vacant p orbital of the carbene overlap in phase as has been seen in the antibonding orbital between the two atoms ( Figure 1 ). The phase property is suitable for overlap with the HOMO of ethene. This aspect is in sharp contrast with the [2+2] cycloaddition of olefins, where the HOMO and the LUMO do not overlap with each other at a four-membered ring transition structure because of the mismatching phase properties. The outer phase is more important than the inner phase because the frontier orbital interaction occurs far from the bonds at the transition states. The outer in-phase overlapping covers the inner out-of-phase overlap in the antibonding orbital.
Frontier orbital theory also suggests an origin of the catalytic activity significantly improved by N-heterocyclic carbene (NHC) ligands in the "second-generation" catalysts. The NHC ligands have higher HOMO energies and strengthen the interaction with the LUMO of the remaining metal. 6 The in-phase overlapping of the atomic orbitals in the outer space of the antibonding orbitals of the bonds between transition metal and main group elements favors the [2+2] cycloaddition reaction in the olefin metathesis.
Cross Coupling Reactions. Transition-metal-catalyzed cross-coupling reactions 19 have revolutionized organic synthesis. Pd-based catalysts 20 provide convenient routes to a vast array of complex molecules, drugs, and materials. A generally accepted catalytic cycle of the SuzukiMiyaura crosscoupling reactions 21 contains three main steps: oxidative addition, transmetalation, and reductive elimination (Scheme 2). The transmetalation process requires the presence of a base. Figure 4 shows the HOMOLUMO overlapping at the transition state of the oxidative addition. 5, 22 The HOMO (d orbital) of the electron-donating PdPMe 3 group well overlaps with the LUMO (σ* CBr ) of the electron-accepting PhBr part at the ipsocarbon. The d orbital will simultaneously overlap in phase with the front lobe of the orbital of Br in σ* CBr with the progress in the reaction. The oxidative addition proceeds in a concerted manner, or with retention of configuration.
At the transition state of the transmetalation step, the HOMO well overlaps with the LUMO ( Figure 5 ¹ overlap in phase with both atomic orbitals in σ* PdC , suggesting some additional stabilization. Furthermore, simultaneous in-phase overlappings of the d orbital with σ CB and with the nonbonding orbital on the oxygen atom strengthens the cyclic HOMOLUMO interaction through the orbital phase matching.
The HOMO of the electron donor Ph ¹ and the LUMO of the electron acceptor [PhPdPMe 3 ] + are shown in Figure 6 to overlap each other at the transition state of the reductive elimination to a good extent. 5, 22 The HOMO is the lone pair orbital of the phenyl anion. The LUMO is mainly σ* PdC with in-phase overlapping between the d orbital and the hybrid orbital of the phenyl carbon in the outer space (Figure 1 ). The phase property of σ* PdC is suitable for the phenyl shift from the Pd atom to the second phenyl carbon or for the coupling of the phenyl groups accompanied by the regeneration of the activated catalyst. The characteristic outer phase of the antibonding orbital plays a crucial role in the reductive elimination.
The SuzukiMiyaura cross-coupling reactions (using RBX 2 ) are known to need a base, but the KumadaTamao reaction (RMgX) and the Negishi reaction (RZnX) occur without bases. At the transition state of the transmetalation, the HOMO of PhB(OH) 3 ¹ has large amplitude bonding orbital of the CB σ bond ( Figure 5 ). The molecular orbital of PhB(OH) 3 ¹ having the largest amplitude of σ CB lies at a higher energy level than that of PhB(OH) 2 probably due to the negative charge of the base OH ¹ bonded to B. The base activates the σ CB bond in the SuzukiMiyaura cross-coupling reaction. The molecular orbitals of PhMgBr and PhZnBr are higher in energy than that of PhB(OH) 2 , suggesting that the PhMgBr and PhZnBr are stronger electron-donors than PhB(OH) 2 . 5 This is why neither KumadaTamao reaction nor the Negishi reaction require any activation by bases.
The frontier orbital theory is powerful for understanding some essential aspects of the SuzukiMiyaura cross-coupling reaction and related reactions. The HOMO and LUMO phase, especially the outer phase of the antibonding orbital of the MC σ-bond play an important role.
CH/Olefin Coupling. Murai and co-workers 23 succeeded in the activation of ortho-CH bonds of aromatic ketones followed by the insertion of alkenes in the presence of the catalyst, RuH 2 (CO)(PPh 3 ) 2 . Morokuma et al. 24 calculated the reaction path of a model reaction of benzaldehyde with ethylene and proposed the mechanism (Scheme 3).
The complex between the carbonyl compound PhCHO and the Ru catalyst, with the carbonyl oxygen coordinated to the Ru atom, undergoes σ bond formation between the Ru and the ortho-carbon to yield the 1,4-cycloadduct intermediate.
At the transition, the overlapping between the HOMO (d orbital) of the Ru catalyst and the LUMO of PhCHO is favored by the orbital phase ( Figure 7) . 7, 25 The d orbital is simultaneously in phase with the p orbitals of the ortho carbon and the carbonyl oxygen. The phase matching of the cyclic HOMO LUMO interaction promotes the σ bond formation between Ru and C ortho , contributing to the ortho regioselectivity.
At the transition state of the subsequent hydride 1,2-shift from the ortho-carbon to the Ru atom, the HOMO of the hydride well overlaps with the LUMO of the remaining part ( Figure 8) . 7, 25 The HOMO is the 1s orbital. The LUMO is a vacant d orbital or the σ* RuP orbital. The 1s orbital overlaps in phase with the LUMO at both atoms (C and Ru) where the hydride migrates. The larger LUMO amplitude at Ru implies that the shift from C to Ru more readily proceeds than the reverse shift.
The following "olefin insertion" after the olefin coordination can be taken as a hydride migration from on the Ru atom to a carbon atom of olefin. The HOMO (1s) of the hydride overlaps with the LUMO of the remaining part at both atoms of C and Ru where the shift occurs (Figure 9) . 7, 25 This pair of HOMO and LUMO overlaps better than the HOMO (LUMO) of the coordinated olefin and the LUMO (HOMO) of the remaining part, 7 which represents the insertion of the olefin to the RuH bond. This process is a hydride 1,2-shift in the metallacyclopropane rather than olefin insertion at the electronic level.
The alkyl migration from the Ru atom to the aromatic carbon is similar to the reverse reaction of the hydride 1,2-shift. Figure 10 7,25 shows a similarly suitable relation of orbital phase and the migration occurs in a concerted manner. The smaller LUMO amplitude at the carbon retards the alkyl migration from Ru to C, compared to the hydride shift. In fact, the alkyl migration is the rate-determining step in agreement with quantum calculations 24 and experiments.
23
The reactivity of the aromatic ketones increases with the lowering of the LUMO energy 7 in agreement with the experimental observations. 23, 26 The electron-withdrawing groups on the aromatic ring are known to facilitate the reaction. 26 At the transition state of the rate-determining step the aromatic ketones are the parts of the electron-accepting partner.
σ-Metathesis. A mixture of propene and methane is transformed to isobutane in the presence of a permethylscandonocene methyl complex Cp* 2 ScCH 3 (Cp* = C 5 Me 5 ) (Scheme 4). 27 At the transition state 28 the LUMO (almost σ* CH ) of methane well overlaps with the HOMO (σ ScC ) of the counterpart (Figure 11 ) between the isobutyl carbon and the hydrogen of methane. 7 This is suitable for the formation of the CH bond and the breaking of the ScC bond and the CH bond of methane. The ScC bond is formed by the delocalization in the opposite direction. The HOMO (σ CH ) of the breaking CH bond of methane overlaps with the LUMO (almost d orbital of Sc).
CH Amination. A saturated CH activation/CN bond formation in 3-phenylpropylsulfamate is catalyzed by a dirhodium complex. 29 At the transition state of the hydrogen abstraction in the triplet state 30 the αHOMO of the nitrene anion radical well overlaps with the αLUMO of the mixed valent Rh 2+ /Rh 3+ dimer. 
Frontier Orbitals of Lanthanide Compounds
Lanthanides (Ln) tend to be Ln 3+ in the complexes. 31 LnCl 3 has low HOMO energy and high LUMO energy.
32,33 LnCl 3 is kinetically stable. Electron delocalization generally lowers the HOMO energy and raises the LUMO energy, suggesting that LnCl 3 is thermodynamically stable as well. The HOMO of LnCl 2 is high. LnCl 2 is kinetically unstable toward electron acceptors or electrophiles. 32, 33 The LUMO of LnCl 4 is low. LnCl 4 is kinetically unstable toward electron donors or nucleophiles. 32, 33 The HOMOs of LnCl 2 32,33 are 4f orbitals for Ln = PrEu, TbYb [for example, see HOMO (Sm) in Figure 12 ] and 5d,6s-hybrid orbitals for Ln = La, Ce, Gd, Lu [for example, see the HOMO (Gd)]. The HOMO of LnCl 2 (Ln = Sm, Eu, Yb) lies at a relatively low energy level. The kinetic instability decreases. Some divalent Sm and Yb compounds are known and used as one-electron reducing reagents. 31 The HOMOs of LnCl 3 32,33 are 4f orbitals for all lanthanides except for La without 4f electron [for example, see HOMO (Sm)]. The LUMOs are 4f orbitals for Ln = PrEu, HoYb [for example, see LUMO (Sm)] and 5d,6s-hybrid orbitals [Ln = La, Ce, GdDy, Lu; for example, see the LUMO (La) and LUMO (Tb)].
The LUMO of CeCl 4 and PrCl 4 has a 4f orbital as the main component [for example, see LUMO (Ce)]. 32, 33 The small spatial size of 4f orbitals keeps the LUMO from overlapping with the HOMO of the other molecules and reduces the kinetic instability. The Ce(IV) and Pr(IV) compounds are known in water and in the solid states. 31 The LUMO of the other LnCl 4 is localized on the Cl atoms [for example, see LUMO (Tb)] whether tetravalent (tetrahedral geometry) or not (LnCl 2 /Cl 2 complex), 32, 33 suggesting strong electrophilicity or kinetic instability.
Organolanthanide-Mediated Reactions
The chemistry of lanthanide catalysis has made much progress. 34 Computational studies have contributed to our under- pioneered the use of lanthanides (Ln) for hydroamination (Scheme 5) and employed computational investigation in parallel with synthetic developments. The insertion of alkyne functionality into the LnN bond is the rate-limiting step. At the transition state, the HOMO of the closed-shell HC¸C(CH 2 ) 3 NH ¹ well overlaps with the αLUMO+2 for the excessive α spins of the open-shell Cp 2 Sm + in the sextet state ( Figure 13) . 8, 37 The αLUMO and the αLUMO+1 are vacant 4f orbitals, which are contracted too much 38 relative to 5d and 6s orbitals to effectively overlap with the HOMO (Figure 14) .
The βLUMO is very similar in shape to αLUMO+2 but higher in energy than αLUMO+2 (Figure 14) . The βHOMO βLUMO interaction is less important than the αHOMO αLUMO+2 interaction.
The HOMO with large amplitudes on the terminal nitrogen and carbon atoms interacts with the αLUMO+2 (almost a 5d orbital) in a cyclic manner. The simultaneous in-phase overlappings ( Figure 13 ) mutually strengthen the cyclic orbital interaction to stabilize the transition state.
La-, Yb-, and Lu-based catalysts were investigated in order to see the effect of the Ln metal. No 4f orbitals are occupied by electrons in La 3+ whereas all 4f orbitals are fully occupied by 14 electrons in Lu
3+
. In the electron configuration [Xe]4f 13 of Yb 3+ one electron is missing for the full occupation of the 4f subshell. The important unoccupied orbitals of Cp 2 Ln + are LUMO for Ln = La, αLUMO+2 for Ln = Sm, αLUMO for Ln = Yb, and LUMO for Ln = Lu. The HOMO (α)LUMO(+2) overlap integrals increases in this order La < Sm < Yb < Lu 8 in agreement with the observation 36 about La-, Sm-, and Lu-based catalysts.
At the transition state of the protonolysis (Scheme 5) the HOMOLUMO overlaps were found to be suitable for the product formation and the regeneration of the active catalyst. 8 
Summary
Frontier orbitals, HOMO and LUMO, enable us to see and understand what occurs at the electronic levels of transitionmetal-and lanthanide-catalyzed reactions. The phase of the frontier orbitals plays important roles as it does in organic reactions.
The antibonding orbitals of the bonds between the transition metals and the main group elements surprisingly have opposite phase properties in the inner and outer spaces of the bonds. The atomic orbitals unexpectedly overlap in phase in the outer space of the bond while they overlap out of phase in the inner space as usual. The in-phase property of the antibonding orbital favors the [2+2] cycloaddition step ( Figure 3 ) in olefin metathesis, in a sharp contrast to [2+2] cycloaddition reactions between olefins. The characteristic outer phase is also crucial in the transmetalation ( Figure 5 ) and the reductive elimination ( Figure 6 ) of SuzukiMiyaura cross-coupling reactions.
The frontier orbital theory was originally developed for intermolecular reactions. A problem often arises when the theory is applied to transition-metal-and lanthanide-mediated reactions because there are many intramolecular reactions. The problem is solved by the method of appropriately dividing the transition structure into two parts to see the HOMOLUMO overlap and phase relation between them.
HOMO and LUMO containing 4f orbitals as predominant components make no significant contribution to the reactivity in organolanthanide-catalyzed reactions because of the insufficient overlap with those of another molecule or the other part of the transition state. Understanding at the level of orbital of electrons beyond the energies and geometries of reactants, transition states, intermediates, and products is indispensable for advancement in organic chemistry. Hopefully, the present approach can be a powerful tool for not only understanding but also designing transition-metal-and organolanthanide-catalyzed reactions.
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